The classification of thymic epithelial tumors is controversial because prediction of the biological behavior of these tumors from their morphologic appearance is difficult. The aim of this study was to evaluate the proliferative activity and rate of apoptosis of thymic epithelial tumors classified according to World Health Organization histological classification. We also attempted to determine the importance of a number of proapoptotic factors in these processes. We investigated 46 surgically resected thymic epithelial tumors (8 Type A, 8 Type AB, 7 Type B1, 7 Type B2, 6 Type B3, and 10 Type C). Immunohistochemical staining was performed to determine the tumor expression of p53 protein, Bax, Bcl-2, and survivin. In addition, the Ki-67 labeling index (LI) and apoptotic index (AI) of these tumors were evaluated. Type C thymoma had a higher LI (16.55 ؎ 12.12%) than did the other histological subtypes. Stage IV thymoma (12.36 ؎ 9.99%) had a higher LI than did Stage I tumor. The AI was significantly elevated in Type B1 thymoma (1.47 ؎ 0.55%). Overexpression of p53 protein was observed in Type B3 and C thymomas. p53 proteinpositive tumors had a higher LI than did p53 protein-negative tumors (P < .0001). Bcl-2 expression was observed in Type A, AB, and C thymomas. Bcl-2-positive thymoma had a lower AI than did Bcl-2-negative thymoma (P ‫؍‬ .0157). These results suggest that overexpression of p53 protein is associated with a higher tumor proliferative activity and that Bcl-2 acts as an inhibitor of apoptosis in thymoma.
The classification of thymoma and thymic carcinoma remains controversial. Levine and Rosai (1) have proposed that a Type I malignant thymoma is a tumor with features characteristic of thymoma and evidence of local invasion, or lymphatic or hematogenous metastasis, and that a Type II malignant thymoma is a tumor that is obviously malignant by cytological examination. Marino and Müller-Hermelink (2) have divided thymoma into cortical, medullary, and mixed types based on the microscopic features of the epithelial cells. More recently, Kirchner and Müller-Hermelink (3) recognized a well-differentiated thymic carcinoma (WDTC). A simple classification of thymic epithelial tumors based on their degree of differentiation has also been proposed by Suster and Moran (4) .
Recently, the World Health Organization (WHO; 5) proposed a new classification that represents a compromise between the various approaches. Thymomas are classified into two major types of thymoma depending on whether the neoplastic epithelial cells and their nuclei have a spindle or oval shape (Type A) or have a plump appearance (Type B). Type B thymomas are further subdivided based on the proportion of neoplastic cells (B1, B2, and B3). Type C thymoma (thymic carcinoma) is a thymic tumor exhibiting clear-cut cytologic atypia and cytoarchitectural features analogous to those observed in carcinomas of other organs.
Several oncogenes and tumor-suppressor genes are known to regulate apoptosis. For example, bcl-2, part of a gene family capable of promoting or inhibiting apoptosis, is activated by dimerizing with bax and inhibits apoptosis (6, 7) . However, an excess of bax protein promotes apoptosis (8) , and bax expression is up-regulated by the p53 protein (9) . The p53 protein normally mediates apoptosis, with mutation resulting in increased cell survival (10) . Survivin is a member of a family of inhibitors of apoptosis proteins (11) . It has been implicated in the regulation of cell cycle in the G2/M phase (12) .
The size of a tumor cell population depends on the balance between cell growth and cell death and in particular, on the rate of tumor cell apoptosis. Evidence indicates that variation in this balance contributes to carcinogenesis (13) . Although previous studies of thymic epithelial tumors have used staining for proliferating cell nuclear antigen (PCNA), nucleolar organizing regions (AgNORs), or Ki-67 antigen to demonstrate increased cell proliferation (14 -16) , few have evaluated the rate of apoptosis or the balance between proliferation and apoptosis within these tumors.
The aim of this study was to investigate the frequency of cell proliferation and apoptosis in thymomas and the influence of p53 protein, Bax, Bcl-2, and survivin expression on these processes. Cell proliferation was evaluated by immunohistochemical detection of Ki-67 antigen, which is expressed in the cell nucleus during the G1, S, G2, and M phases of the cell cycle (17) . Apoptosis was detected by 3'-end labeling of nuclear DNA via the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay, which detects not only cells with the typical morphological features of apoptosis but also cells in the early stages of apoptosis (18) . We determined the rate of cell proliferation and apoptosis in thymic epithelial tumors that were classified according to the WHO classification.
MATERIALS AND METHODS
Forty-six cases of thymic epithelial tumors from patients who had surgical thymectomy between July 1991 and September 2001 were examined in this study. Paraffin tissue blocks and clinical history were available for all 46 patients. The age of patients at operation ranged from 26 to 83 years (average, 56.3 y). There were 18 men and 28 women. All cases (Table 1) were subclassified histologically based on the WHO histological classification (5), and patients were staged according to the staging system of Masaoka et al. (19) . They comprised 8 cases of Type A, 8 of Type AB, 7 of Type B1, 7 of Type B2, 6 of Type B3, and 10 of Type C thymoma. Thymic tissues from 8 patients with myasthenia gravis were also analyzed. The follow-up period ranged from 5 months to 9 years and 7 months (mean follow-up, 4 y, 5 mo).
Immunohistochemical Staining
All thymic tumors were examined after immunohistochemical staining. Four-micrometer sections were cut from formalin-fixed paraffin-embedded tissues and placed on silanized slides (DAKO, Glostrup, Denmark). They were stained with the monoclonal antibody DO-7 (1:1600; DAKO), which reacts with both wild-type and mutant p53 protein, polyclonal anti-human Bax protein (1:200; DAKO), monoclonal anti-Bcl-2 oncoprotein (1:800; DAKO), polyclonal anti-survivin (1:50; Alpha Diagnostic, San Antonio, TX), and a monoclonal antibody against Ki-67 antigen (MIB-1; 1:100; Immunotech, Marseille, France). The streptavidin-biotin method (Histofine SAB-PO Kit, Nichirei, Tokyo, Japan) was used for immunostaining. To improve the staining pattern, the tissues were pretreated by microwave treatment for 15 minutes in citrate buffer (10 mM pH 6.0) before staining with DO-7, Bcl-2, and MIB-1 and by autoclave at 121°C for 15 minutes before staining with Bax and survivin. DO-7 immunoreactivity was classified as positive when the proportion of positively stained cells was Ͼ10% of all tumor cells. Expression of Bax, Bcl-2, and survivin was considered to be positive if there was staining of areas of the epithelial component of the tumor. Ki-67 labeling indices (LI) were determined by light microscopy using an oil-immersion objective (magnification, 1000ϫ) by randomly counting Ն1000 tumor nuclei and expressing the results as the percentage of positive cells.
3'-End Labeling of DNA in Apoptotic Cells
The TUNEL assay was performed as described elsewhere (20) . The apoptotic index (AI) was defined as the sum of the number of apoptotic cells and apoptotic bodies divided by the total number of tumor cells. A total of Ն1000 tumor nuclei was examined by light microscopy with an oil immersion objective (magnification, 1000ϫ) for each specimen.
Statistical Analysis
All statistical calculations were carried out using the StatView software package (SAS Institute Inc., Cary, NC). Differences in the Ki-67 LI and AI among subtypes of thymic epithelial tumors were analyzed by a one-way factorial ANOVA and multiple comparison test (Tukey-Kramer test), and differences in the expression of DO7, Bax, Bcl-2, and survivin were analyzed by the chi-square test. Differences in Ki-67 LI and AI related to the expression of DO-7, Bax, Bcl-2, and survivin were analyzed using the Student's t test. Statistical significance was defined as P Ͻ .05.
RESULTS
A representative result of immunohistochemical staining with MIB-1 (for Ki-67 antigen) is shown in Figure 1A . The Ki-67 LI for each subtype are listed in Table 2 . There was a significant difference in the Ki-67 LI among the WHO subtypes (P Ͻ .0001). By multiple comparative analyses, these differences were between Type C thymoma (16.55 Ϯ 12.12%) and thymic epithelium, Type A, AB, B1, B2, and B3 thymomas. There was also a significant association between the Ki-67 LI and tumor stage (P ϭ .0422; Table 3 ). By multiple comparative analyses, there was a significant difference between Stage I (2.68 Ϯ 2.06%) and Stage IV (12.36 Ϯ 9.99%).
A representative TUNEL result is shown in Figure  1B . The AI for each subtype is listed in Table 2 . There were significant differences in the AI among the WHO subtypes (P ϭ .0092). By multiple comparative analyses, the AI of Type B1 thymoma was significantly higher than that of thymic epithelium. The AI of Type A, AB, B2, B3, and C thymoma tended to be higher than that of thymic epithelium and lower than that of Type B1 thymoma, but the difference was not significant. There was no association between tumor AI and tumor stage (Table  3) .
Representative results of immunohistochemical staining using antibodies to p53 protein, Bax, Bcl-2, and survivin are shown in Figure 2A -D, and a summary of the results is listed in Table 4 . The immunoreactivity of DO-7, Bax, and Bcl-2 was significantly different among WHO subtypes (P ϭ .0016, P ϭ .0001, P Ͻ .0001, respectively). Overexpression of DO-7 (Ͼ10% of tumor cells staining positive) was observed in Type B3 and C thymomas only. Expression of Bcl-2 was observed in Type A, AB, and C thymomas but not in Type B1, B2, or B3 thymomas. Type C thymomas had intensely positive Bcl-2 staining, but the spindle tumor cells in Type A and AB thymoma were only weakly positive. There was a significant association between thymoma Bax immunoreactivity and tumor stage (P ϭ .0232, Table  5 ).
There was a significant association between tumor sample overexpression of DO-7 and the Ki-67 a The LI of Type C thymoma was significantly higher than that observed in thymic epithelium, Type A, AB, B1, B2, and B3 thymoma.
b The AI of Type B1 thymoma was significantly higher than that observed in thymic epithelium. LI (P Ͻ .0001). However, there was no relationship between tumor overexpression of DO-7 and the tumor AI (Table 6 ). We found an inverse association between the expression of Bcl-2 and the AI in thymic epithelial tumors (P ϭ .0157); however, no relationship was observed between tumor expression of Bcl-2 and the tumor Ki-67 LI (Table 6 ). There were no significant relationships between the tumor expression of Bax or survivin and tumor LI or AI.
The prognosis of thymic epithelial tumors for patients in this study was good. One patient with a Type AB, Stage IVb thymoma had pulmonary metastasis 26 months after surgery, and one patient with a Type C, Stage III thymoma had local recurrence 22 months after surgery, but both are still Immunostaining for DO-7, Bax, and Bcl-2 was significantly different among WHO thymoma types (P ϭ .0016, P ϭ .0001, and P Ͻ .0001, respectively). alive. One patient with a Type C, Stage IVb thymoma died 14 months after surgery. Other patients are alive and without recurrence during the follow-up period, which ranges from 5 months to 9 years and 7 months (mean follow-up, 4 y, 5 mo).
DISCUSSION
It is the balance between cell gain through mitosis and cell loss by apoptosis, which determines whether a tumor mass increases in size or regresses (13) . A parallel increase in the rate of apoptosis and proliferation has been reported in studies of the histological progression of colorectal cancers (21, 22) and cervical neoplasms (23) . A decrease in apoptosis occurs during progression from adenoma to carcinoma in the colorectum (21, 22) and during progression from intraepithelial neoplasia to carcinoma in the prostate (24) . We have previously reported that immature teratomas exhibited higher proliferative activity but lower rates of apoptosis than mature teratomas (20) .
We undertook the present study to determine whether histological subtypes of thymic epithelial tumors, classified according to the WHO classification, demonstrated differing rates of proliferation and/or apoptosis. The proliferation index has been used previously as an important indicator of the biological behavior of tumors. Studies evaluating PCNA and AgNORs have demonstrated significant differences in tumor staining for PCNA and AgNORs between thymic carcinoma and thymomas but not between noninvasive and invasive thymomas (14, 15) . In contrast, Yang et al. (16) reported that WDTC (Type B3 thymoma) showed a significantly higher Ki-67 LI when compared with medullary type (Type A thymoma). Here we found a statistically significant difference in the Ki-67 LI between Type C thymomas and other subtypes of thymomas. There was also a nonsignificant trend towards an increase in the Ki-67 LI from Type A, Type AB, Type B1, and Type B2, to Type B3.
A previous study indicated that the AI of highgrade thymic carcinomas was higher than those of thymomas and WDTC (25) . However, our results showed that the AI of BI thymoma was significantly higher than that of thymic epithelium. The AI of Type A, AB, B2, B3, and Type C thymomas also tended to be higher than that of thymic epithelium, but these differences were not significant. In particular, the AI of thymic carcinoma was not higher than that of other subtypes and was in fact low compared with that of Type B1 thymoma. These differing results may be due to the wide range of A1 within each subtype. Further studies with larger number of cases are required to clarify the importance of apoptosis in thymomas.
Our results showed that the proliferative activity and rate of apoptosis in thymomas was higher than those observed in thymic epithelium. Both the proliferative activity and the rate of apoptosis were lower in Type A thymomas compared with other subtypes. In contrast, in Type C thymoma, the proliferative activity was higher than in other subtypes, but the rate of apoptosis was not increased, resulting in a net increase in tumor mass.
Chen et al. (26) reported that the Bcl-2 reactivity of thymic carcinoma was significantly higher than that observed in noninvasive and invasive thymomas. They also suggested that because all medullary thymomas exhibited Bcl-2 reactivity, Bcl-2 expression could not be used as an indicator of the invasive behavior of thymoma when applying the classification of Marino and Müller-Hermelink (2). Our study confirmed that Bcl-2 expression was observed only in Type A, AB, and C thymomas. In addition, we found that the intensity of reactivity in Type A and AB thymomas was weak, whereas that of Type C thymoma was strong. Our results suggest that Bcl-2 expression may be a useful marker in differentiating Type B3 thymoma from Type C thymoma, and Type A thymoma from Type B3 thymoma. Recent studies indicate that tumor cells undergo apoptosis and that both p53 and bcl-2 are key regulators of this process. Wild-type p53 protein induces apoptosis, whereas expression of Bcl-2 inhibits apoptosis (6, 9, 27) . We found that tumors staining positive for Bcl-2 expression had a lower AI than Bcl-2 negative tumors. However, tumors with immunohistochemical evidence of overexpression of p53 protein had a similar AI as that of p53-negative tumors. These findings suggest that Bcl-2 continues to function as an inhibitor of apoptosis despite tumor progression but that p53 protein no longer influences the rate of apoptosis. A similar tendency has been observed in gastric carcinoma (28) .
The expression of survivin was reported to be inversely correlated with the AI during colorectal tumorigenesis (22) . We found no similar correlation in this study of thymomas.
Wild-type p53 protein enhances p21WAF1 transcription, which inhibits the cyclin/CDK complex; thereby arresting cell cycle (29) . Thus the loss of p53 function in tumor cells may result in an increase in cell cycling. Many studies have investigated the link between p53 overexpression and tumor growth. Some have reported a positive relationship (30 -32) , whereas others have not (33, 34) . We observed an increase in the LI with an increase in p53 expression, suggestive of an association between p53 overexpression and proliferative activity in thymic epithelial tumors.
Tateyama et al. (35) reported that all thymic epithelial tumors, including noninvasive thymomas, demonstrated overexpression of p53 protein. Here, overexpression of p53 protein was observed only in Type B3 and C thymomas, suggesting that overexpression of p53 protein may be useful as a marker for these more aggressive subtypes.
Although the incidence of overexpression of DO-7, Bax, and survivin was similar in Type B3 and C thymoma, the Ki-67 LI of Type B3 thymoma was lower. The A1 of Type B3 thymoma was, however, higher than that of Type C tumors, which may be related to the relative increase in Bcl-2 staining of Type C tumors. Type B3 thymoma has been known as WDTC because of its invasiveness (3), but the degree of atypia is similar to that observed in Type B2 thymoma. Our studies of LI, and expression of DO-7, Bax, and survivin of Type B3 and C would suggest that these subtypes have similar but not identical genetic aberrations and that the biological behavior of the former is different from the latter.
Lardinois et al. (36) reported that the Marino and Müller-Hermelink (2) and Masaoka et al. (19) classifications were both independent significant predictors of overall and disease-free survival in patients with epithelial thymic tumors. Okumura et al. (37) have suggested that WHO classification may aid in predicting tumor recurrence. In our study, one patient with a Type C thymoma died of the tumor, and tumor recurrence was observed in another patient with a Type C thymoma and pulmonary metastasis in a patient with a Type AB thymoma. There were no other tumor recurrences observed during the mean follow-up of 4.5 years. Postoperatively, patients received radiotherapy for Stages II-IV in our institute. Thus, it appears that even patients with invasive thymic epithelial tumor may have a good prognosis if the tumor is resected completely and they undergo radiotherapy.
